Background/Aims: Although the cure rate of acute promyelocytic leukemia (APL) has exceeded 90%, the relapse/refractory APL that resistant to all-trans retinoic acid (ATRA) or ATO was still serious concern. Matrine (MAT) could improve the differentiation ability of ATRA-resistant APL cells. This study aimed to explore how the APL-specific fusion protein was degraded in ATRA-resistant APL with the application of MAT and ATRA. Methods: ATRAsensitive (NB4) and ATRA-resistant (NB4-LR1) cell lines were used. Nitroblue tetrazolium reduction assay and flow cytometry were used to detect the differentiation ability. The activity of ubiquitin-proteasome and autophagy-mediated pathways in both cells treated with ATRA with or without MAT were compared in protein and mRNA level (Western blot analysis, qRT-PCR), the Fluorescent substrate Suc-LLVY-AMC detection was used to detect the activity of proteasome, and electron microscope for observing autophagosome. MG 132(proteasome inhibitor), rapamycin (autophagy activator), hydroxychloroquine (lysosomal inhibitor) and 
Introduction
The major feature that distinguishes acute promyelocytic leukemia (APL) cells from other malignant hematopoietic cells is the expression of promyelocytic leukemiaretinoicacid receptor α (PML-RARα) fusion protein, which contributes to the inhibition of RARα-regulated hematopoietic cellular differentiation [1] . The complete remission rate of APL exceeded 90% with the application of all-trans retinoic acid (ATRA), arsenic trioxide (ATO), and anthracycline-based chemotherapy [2] . However, the 7-year cumulative incidence of relapses was reported as 28.6% in APL maintenance with ATRA and daunorubicin [3] and even reached 33% in the ATRA maintenance treatment group [4] . The relapse/refractory patients showed resistance to ATRA and/or ATO, which has been identified as a clinically significant problem. Currently, no effective drugs are available to reverse the ATRA resistance. Moreover, the mechanism of action of interferon-γ and aurora kinase inhibitor is yet to be elucidated [5, 6] .
Matrine (MAT) is the main active component of Sophora flavescens. It has been used to treat chronic hepatitis for several years in China [7] . Recently, the molecule has been proven to exhibit an anti-leukemic effect, including apoptosis induction through the mitochondrial pathway and protein kinase B (Akt) inactivation [8] , and inhibit IL-6 receptor-mediated JAK/STAT3 pathway [9] . Previous studies have revealed that MAT can reverse the ATRA resistance of NB4-LR1 cells when coupled with ATRA. The treatment with 0.1mmol/L MAT and 1μmol/L ATRA can restore the ability of NB4-LR1 cells to differentiate, which might be related to the increased level of cyclic adenosine monophosphate and protein kinase A activity in NB4-LR1 cells, reduced telomerase activity and downregulated expression of topoisomerase II beta (TopoIIβ) [10, 11] .
Subsequently, this study aimed to investigate the mechanism underlying the degradation of the PML/RARα fusion protein in the presence of MAT and ATRA in NB4 and NB4-LR1 cell lines. It demonstrated the crucial role of autophagy and ubiquitin pathway in MAT-induced NB4-LR1 differentiation in vitro and tumor-bearing mouse model.
Materials and Methods
Cell line and culture Both NB4 (ATRA-sensitive) and NB4-LR1 (ATRA-resistant) cell-lines were provided by Ruijin Hospital, Shanghai Institute of Hematology, China. All cells were cultured in RPMI -1640 culture medium (Gibco-BRL, USA) supplemented with 20% fetal bovine serum (Gibco-BRL) in a humidified incubator at 37°C with 5% CO 2 in the air. 5 /mL in complete medium) were incubated with the substances mentioned for 72h, except STI571 and HCQ, which were added in the last 24h.
For the nitroblue tetrazolium (NBT) reduction assay, the treated cells were harvested, and cell suspensions (10 5 cells/mL in complete medium) were incubated with NBT (1 mg/mL, Sigma) and 12-O-tetradecanoyl-phorbol-13-acetate (TPA, 1μg/mL, Sigma) for 30 min at 37°C. NBT was evaluated as the intensity of reduction measured at a wavelength of 570 nm using a microplate reader (Bio-Rad Model 680, USA). To measure the cell surface expression of differentiation marker CD11b, the cells were washed two times with PBS (5×10 5 cell/ tube) and stained with anti-CD11b-APC or IgG-APC isotypic control (BioLegend, Inc. CA, USA) for 30 min at 4°C. Subsequently, the samples were washed two times and measured using flow cytometry (FACS Calibur, Becton Dickson, NJ, USA) by acquiring 10, 000 cells per test.
Ubiquitin-proteasome pathway assays
For the ubiquitin-proteasome pathway (UPP) assays, eight groups were prepared as follows: control group treated with PBS; ATRA group; MAT group; ATRA+MAT group; MG132 (1μmol/L)-treated group (MG); ATRA+MG group; MAT+MG group and ATRA, MAT, and MG132 multitreated group (ATRA+MAT+MG). Then, 10 5 cells/ mL in complete medium were incubated with the aforementioned substance, respectively for 72 h. The expression of proteasome 20S core subunits (pAb) and ubiquitin protein (Ub) was detected using the Western-blot analysis. The 20S proteasome activity was detected using a fluorescent substrate Suc-LLVY-AMC Detection Kit and the expression of Ub gene was detected using real-time polymerase chain reaction (PCR) as described later.
Autophagy pathway assays
For the autophagy pathway assays, seven groups were included as follows: control group (treated with PBS), ATRA group, MAT group, ATRA+MAT group, ATRA + MG group, ATRA and Rapamycin (100 nmol/L)-co-treated (ATRA+RAPA) group, and ATRA + STI group. To detect the autophagic flux, the following groups were set up: control group, ATRA group, MAT group, ATRA + MAT group, MAT + HCQ, and ATRA + MAT + HCQ group. The Western blot analysis was used for detecting the expression of autophagy-related proteins, including LC3, Atg1, PI3KC3, Atg5, and P62. An electron microscope (JEOL3010, MA, USA) was used to compare the autophagosomes among groups.
Fluorescent substrate Suc-LLVY-AMC detection
The activity of proteasome was detected using a fluorescent substrate Suc-LLVY-AMC (AAT Bioques, USA). The cells were harvested, washed three times with ice-cold PBS and lysed on ice with lysis buffer (10mM Tris pH 7.5, 130mM NaCl, 1% NP-40, 10mM NaPPi, 1mM PMSF, 0.1mM Na 3 VaO 4 ). The lysates were precleared by centrifugation at 11, 900g for 15 min at 4°C. The protein concentrations were determined using Bradford reagent according to the manufacturer's protocol. Each sample was incubated with 100 μL of reaction solution [25 mmol/L HEPES (pH 7.5), 0.5 mmol/L EDTA, 0.05% NP-40, and 0.001% sodium dodecyl sulfate (w/v)] for 1 h at 37°C. The protein content of each sample was 10 μg, and the final concentration of Suc-LLVY-AMC was 50 μmol/L. A positive control group (1 μmol/L MG132) and a negative control group were also set up. After hydrolysis, the fluorescence intensity at 380 nm (excitation) and 460 nm (emission) was measured using the Spectra Max M2 microplate reader (iMark, BIO-RAD, CA, USA).
Western blot analysis
The cells were harvested, washed three times with ice-cold PBS and lysed on ice with lysis buffer (10mM Tris pH 7.5, 130mM NaCl, 1%NP-40, 10mM NaPPi, 1 mMPMSF, and 0.1mM Na 3 VaO 4 ). The lysates were transferred to microcentrifuge tubes and precleared by centrifugation at 11, 900g for 15 min at 4°C. Protein concentrations were determined using Bradford reagent according to the manufacturer's protocol. β-actin was used as an internal reference control. An equal amount of total protein extracted from cultured cells was separated using 12% SDS polyacrylamide gel electrophoresis gel and transferred to polyvinylidene difluoride (PVDF) membranes (EMD Millipore Corporation, MA, USA). Primary antibodies and horseradish peroxidase conjugated appropriate secondary antibodies were used to detect the designated proteins. The secondary antibodies bound on the PVDF membrane were reacted with the enhanced chemiluminescence detection reagents (Beyontime, Institute of Biotechnology, Jiangsu, China) and exposed to x-ray films (Kodak, Japan). The result was analyzed using Image J 1.46r software. Anti-Ub, anti-ATG5, anti-LC3 and anti-P62 antibodies (CST, USA); anti-Atg1 and anti-PI3KC3 antibodies (Abcam, England); anti-pAb antibody (Enzo, USA); anti-TRIM32 polyclonal antibody (Proteintech, USA); anti-PML+RARα fusion antibody (abcam, USA); anti-RARα (Santa cruz, USA); anti-PML (Affinity, USA), and β-actin antibodies (LiankeBio, China) were used in the experiments.
RNA isolation and quantitative PCR analysis
Total RNA was isolated using TRIzol (Invitrogen) according to the manufacturer's protocol. The quality and concentration of RNA were evaluated using a spectrophotometer (NanoDrop 2000, Thermo, USA). Total RNAs were first reverse transcribed into cDNAs. The cDNAs were thereafter subjected to real-time reverse transcription PCR. After an initial denaturation step at 95°C for 10 min, PCR cycling conditions were set as follows: denaturation at 95°C for 30 s, annealing at 95°C for 5 s, and extension at 60°C for 130 s for 40 cycles. After amplification, a melting-curve analysis was performed. The relative gene expression was analyzed using the 2 -∆∆Ct method. The primers for targeted genes were as follows. PML-RARα: 5'-TCGAGTTCACCAGCAATGAG -3' (forward) and 5'-ATCGTACACCTCCGTCTCCA-3' (reverse); PML: 5'-TCTACGAGCTGTATGACGATGT-3' (forward) and 5'-CTGAGGGCGCTTCATCTCTG-3' (reverse); C/EBPε: 5'-GACCTACTATGAGTGCGAGCCT-3' (forward) and 5'-ACACCCTTGATGAGGGTAGCAG-3' (reverse); STAT-1: 5'-GGAGGCGAACCTGACTTCA-3' (forward) and 5'-TCTGGTGCTTCCTTTGGCCT-3' (reverse); c-Myc: 5'-CCACAGCAAACCTCCTCACAG-3' (forward) and 5'-GCAGGATAGTCCTTCCGAGTG-3' (reverse); glyceraldehyde-3-phosphate dehydrogenase (GAPDH): 5'-AGAAGGCTGGGGCTCATTTG -3' (forward) and 5'-AGGGGCCATCCACAGTCTTC -3' (reverse).
Electron microscopic observation
The cells were harvested, washed with PBS two times (4°C, 300g for 8 min), and moved to 1.5 m LEP tubes. The samples were washed with PBS three times (15 min/time) and then fixed in 1% osmic acid (60 min) and 2% uranyl acetate (30 min). After dehydration in a gradient ethanol series, the cells were permeated with pure acetone and embedding medium (1:1) for 60 min, and then permeated with embedding medium alone for another 60 min. The conglomerate was dried in an oven, 37°C for 24 h, 45°C for 24 h and 60°C for 48 h. Ultrathin sections (0.1μM) were prepared and examined under TECNA 10 transmission electron microscope (Philips, Holand). Autophagosomes were identified and counted with randomly selected six cells from each group. . The control group received 0.9% normal saline at the same volume as in the treated groups. The corresponding agent of each group was given once per day for the next 3 weeks. After the mice were executed, tumors of each group were excised, and prepared for flow cytometry, Western blot, and qPCR analyses.
APL xenografts

TdT-mediated dUTP-biotin nick end labeling assay
Tumor tissues away from the necrotic area were fixed in 4% formalin, paraffin-embedded and sectioned (thickness, 4 μm). The terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) apoptosis assay kit (Roche, IN USA) was used according to the manufacturer's protocol. The slides were observed under a fluorescence microscope (Olympus BX51T-PHD-J11, Tokyo, Japan). Counts of TUNEL positive nuclei were performed by counting the total number of stained nuclei across 400-μm sections of each sample.
Statistical analysis
Data were analyzed using SPSS 17.0 (SPSS, Inc., IL, USA). All experiments were repeated in triplicate, and data were presented as the mean ± standard deviation. One-way analysis of variance was used to compare two groups with normally distributed data, followed by a post-hoc Newman-Keuls test. A P value <0.05 was considered to indicate a statistically significant difference.
Results
MAT induced the differentiation sensitivity recovery of NB4-LR1 cells to ATRA
The differentiation level was detected using flow cytometry (Fig. 1a) and NBT reduction assay (Fig. 1b) . After treatment with the corresponding drugs for 72 h, the expression level of CD11b was found to be increased in both cell lines except for the MAT group, compared with the control group (P < 0.01 or P < 0.05). Also, the differentiation rate was significantly lower in NB4-LR1 cells than in NB4 cells. The NBT-positive rate did not increase in the ATRA + MG group. Compared with the ATRA group, ATRA + MAT showed further increased expression of CD11b in NB4-LR1 cells (P < 0.01) but not in NB4 cells; and ATRA + RAPA further promoted the positive expression of CD11b in both cell lines (P <0.05), but not NBT-positive rate in NB4 cells. ATRA + STI could significantly promote the expression of CD11b (P < 0.05) in NB4-LR1 cells but not in NB4 cells. However, MG132 might suppress the expression (P < 0.01) in NB4 cells. Compared with the ATRA + MAT group, the ATRA + RAPA might exhibit a considerable effect in promoting the expression of CD11b and NBT, especially in NB4-LR1 cells (P <0.01). However, ATRA + STI or ATRA + MG might have a lower effect on the induction of differentiation (P < 0.01 or P < 0.05) in NB4-LR1 cells; the ATRA+MAT+MG and ATRA+MAT+HCQ group both had a significantly lower expression of CD11b and NBT-positive rate (P < 0.01).
MAT induced the degradation of PML-RARα and increased the expression of PML mRNA
PML-RARα is crucial in the genesis and progression of the disease [1] . The Western blot analysis was used for detecting the expression of PML-RARα fusion protein (Fig. 1c, 1d, 1f , and 1g). The result showed that ATRA could decrease the expression of the PML-RARα fusion protein in NB4 cells but not in NB4-LR1 cells. However, MAT alone did not have a significant effect on both cell lines. ATRA combined with MAT, RAPA, STI, or MG led to a significant decrease in the expression of fusion protein in NB4-LR1 cells but not in NB4 cells compared with ATRA-alone treatment. This phenomenon was distinctly observed with respect to MAT and RAPA (P < 0.01), and the combination effect of MAT could be reversed using HCQ (P < 0.01) but not MG. The expression levels of PML-RARα mRNA were in consistent with the change in the expression of fusion protein, MAT + MG could decrease the expression of fusion protein but not of the PML-RARα mRNA (Fig. 1i) . After the degradation of the fusion protein, PML was released and the APL cell regained the ability to differentiate [12] . The Western MAT stabilized the 20S protein expression and enhanced the activity of the proteasome 20S is vital in the activity of the proteasome. Therefore, the Western blot analysis was carried out to measure the protein expression of 20S (Fig. 2b-2d) . The results showed that the treatment with ATRA or MAT alone could enhance the expression of 20S (29 and 25 kDa) in NB4 cells, whereas ATRA + MAT could only increase the level of 20S (29 kDa) compared with the control group. MG132 inhibited the expression of 20S (29 and 25 kDa) (P < 0.01) which increased using ATRA or MAT in NB4 cells. However, a different phenomenon was observed in NB4-LR1 cells. ATRA resulted in a remarkable suppression of 20S expression (P < 0.05) in NB4-LR1 cells, which could be restored using the combination of MAT (P < 0.01), and MG132 led to an increased expression of 20S (29 and 25 KD) in NB4-LR1 cells (P < 0.01).
In addition to the protein expression, the activity of the proteasome was also detected using fluorescent substrate Suc-LLVY-AMC (Fig. 2e) . The treatment with ATRA, MAT, or ATRA + MAT did not significantly alter the 20S activity in NB4 cells. However, a remarkable upregulation was observed in NB4-LR1 cells compared with the control cells (P < 0.01 or P < 0.05). No differences were observed among the three treated groups. Co-treatment with MG132 inhibited the activity of 20S in all the treated groups of both cell lines (P < 0.01 or P < 0.05) except the NB4-LR1 cells treated with ATRA. ATRA and MAT alone or together could reverse the inhibitory activity of MG132 on 20S in NB4 cells. No significant differences were observed in NB4-LR1 cells except for the ATRA + MG group, which showed a remarkable increase (P < 0.01).
MAT stabilized the expression of RARα
The expression level of RARα was detected using the Western blot analysis (Fig. 3) . The results showed that treatment with MAT alone increased the level of RARα significantly in both cell lines (P < 0.01). ATRA also upregulated the expression of RARα in NB4 cells (P < 0.01), but the effect was lower than that of MAT (P < 0.01). ATRA inhibited the expression of RARα in NB4-LR1 cells (P < 0.01). Furthermore, ATRA + MAT did not show a synergistic 
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effect in both cells compared with the ATRA group. MG132 inhibited the expression of RARα in both cell lines (P < 0.01 or P < 0.05), and co-treatment with ATRA or ATRA+MAT strengthened the inhibitory effect (P < 0.01 or P < 0.05).
MAT promoted the process of autophagy
Autophagy was observed under an electron microscope (Fig. 4a) . ATRA-alone treatment induced autophagy in NB4 cells but not in NB4-LR1 cells, whereas MAT alone exerted an opposite effect. Co-treatment with ATRA and MAT increased the number of autophagosome in both cell lines significantly. RAPA enhanced the effect of ATRA-induced up-regulation of autophagy in both cell lines. However, the effect was lower when ATRA was coupled with MAT. STI571 induced the process of autophagy in both cell lines but not MG132.
Autophagy-related proteins were detected using the Western blot analysis to further explain the effect of MAT on autophagy induction (Fig. 4b-4e) . LC3II is the marker protein of autophagy. The increase in LC3-II and LC3-II/LC3-I ratio, along with the exhaustion of P62 might indicate the activation of autophagy and the fluency of autophagy flux. The result showed that both ATRA and MAT significantly increased the LC3-II/LC3-I ratio (P < 0.01) in NB4 cells, along with the decreased expression of P62 (P < 0.01 or P < 0.01). However, the effect was much less in NB4-LR1 cells. No significant change in LC3-II/LC3-I ratio was observed in NB4-LR1 cells treated with ATRA, and the decrease in P62 was much minor. The combination of ATRA and MAT could further up-regulate the LC3-II/LC3-I ratio in NB4-LR1 cells (P < 0.05), but not in NB4 cells. ATRA + MAT also decreased the expression of P62 further in both cells (P < 0.01). ATRA coupled with RAPA, STI, or MG132 reversed the LC3-II/LC3-I ratio compared with the ATRA-alone treatment (P < 0.05 or P < 0.01) in NB4 cells, although the P62 expression was also down-regulated in the ATRA + STI and ATRA + RAPA group (P < 0.01) and remained in the ATRA + MG132 group. However, in NB4-LR1 cells, the combination of ATRA with RAPA, STI, or MG132 increased the LC3-II/LC3-I ratio further compared with the ATRA group (P < 0.05 or P < 0.01). The P62 protein decreased in the ATRA + RAPA, and ATRA + STI groups (P < 0.01) but increased in the ATRA + MG132 group (P < 0.01).
The expression of LC3 after the combination with lysosomal inhibitor, HCQ, was detected to estimate the autophagic flux activity during ATRA + MAT treatment in NB4-LR1 cells (Fig.  4f) . The result showed that the combination with HCQ significantly increased the expression level of LC3II in both NB4 and NB4-LR1 cells, and the change was more obvious in the ATRA + MAT + HCQ group than in the MAT + HCQ group.
The expression of autophagy-related proteins, Atg1, PI3KC3, and Atg5, was also detected using Western blot analysis (Fig. 4g-j) . Treatment with ATRA and MAT, alone or together, increased the expression of Atg1 and PI3KC3 in NB4 cells (P < 0.01 or P < 0.05), and ATRA with MAT, RAPA or STI571 could not further upregulate the expression of Atg1 and PI3KC3 compared with the ATRA alone. STI571 exerted an inhibitory effect on PI3KC3 and MG132 promoted the expression of PI3KC3 in NB4 cells. However, in NB4-LR1 cells, treatment with ATRA alone inhibited the expression of Atg1 and PI3KC3, and MAT alone also downregulate the expression of Atg1. This phenomenon was reversed significantly when the cells were treated with ATRA + MAT (P < 0.01). RAPA and STI571 further downregulated the expression of Atg1, and increased the expression of PI3KC3 in NB4-LR1 cells (P < 0.01). No significant changes were observed in expression of Atg5 in NB4 cells after treatments, and ATRA + STI571 or ATRA + MG132 increased the expression of Atg5 in NB4-LR1 cells compared with the ATRA-alone treatment.
MAT induced the differentiation of xenograft tumor cells and apoptosis in nude mice
A subcutaneous xenograft mouse model using NB4 and NB4-LR1 cells was employed to determine whether MAT exerted an in vivo effect similar to that in vitro. The treatment with ATRA alone did not reduce the size of tumor in ATRA-sensitive NB4 xenograft mouse. The combination treatment even enlarged the tumor (Fig. 5a) , which was in accordance with the clinical manifestation of patients with APL who received ATRA alone as chemotherapy. Unlike the cytotoxic drugs, ATRA induces the differentiation of APL, followed by an explosive multiplication of differentiated myelocytes [13] . In NB4-LR1 xenograft mouse, the combination treatment group also had a larger size of tumors compared with the control group. However significant necrosis and apoptosis were observed in the group, and NB4-LR1 xenograft mouse model (Fig. 5b) .
Flow cytometry revealed a marked increase in the expression of CD11b and a significant decrease in the expression of PML-RARα fusion gene in NB4-LR1 xenograft tumor tissue in the co-treated group, similar to that in the in vitro study (Fig. 5c, and 5d) . Apoptosis occurred before necrosis. The TUNEL assay and Western blot analysis were used to detect the apoptosis in the groups. The results showed that in NB4 cells, ATRA alone could significantly improve the TUNEL-positive rate (61.4%±5.59% vs 36.0%±9.05 %, P < 0.01), whereas MAT alone did not show a significant effect (52.3% ± 12.69 %). The ATRA+MAT treatment led to a markedly increased expression (68.67% ± 11.71%, P < 0.01) compared with the control group. No obvious differences were observed compared with the ATRA group. In the NB4-LR1 cells, no distinct effects were observed when treated with ATRA or MAT alone (47.67% ± 23.46% and 39.5% ± 2.12% respectively) compared with the control group (39.5% ± 9.47%). However, after co-treatment with ATRA and MAT, the expression level further increased to 64.4% ± 10.76%; the differences were not significant compared with the ATRA group (Fig. 5e) . The Western blot analysis showed the increased expression of caspase-3 in NB4 cells treated with ATRA or MAT alone but not in NB4-LR1 cells; the combination treatment upregulate the expression further. No significant change was observed in the expression of caspase-9 in all groups. ATRA-alone treatment downregulate the expression of 
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Bcl-2 in NB4 cells, but not in NB4-LR1cells. MAT alone did not affect the expression of Bcl-2in both cell lines. An opposite effect was noted in the expression of Bax. An increased expression was observed in NB4-LR1 cells treated with ATRA, which was much lower than that in NB4 cells. The expression increased further with the combination treatment in both cell lines (Fig. 5f) . Furthermore, the Western blot analysis detected the autophagy and ubiquitination processes. qPCR evaluated the proliferation/ differentiation of the genes. At the protein level, ATRA or MAT alone upregulated the expression of autophagyrelated proteins (LC3, ATG5, ATG1, and PI3KC3), ubiquitin-related proteins (UB, 20S, RARαF and TRIM32), and proliferationrelated protein (C/EBPε and STAT1p91) in NB4 cells. ATRA decreased the expression of c-Myc compared with the control. The effect of ATRA was more than that of MAT, and the combination of ATRA and MAT was rather effective. In NB4-LR1 cells, the same single treatment could only increase the expression of LC3 and ATG5, and did not affect the expression of ATG1 and PI3KC3 compared with the control. The combination treatment led to a markedly increased expression of LC3, ATG5, ATG1, and PI3KC3 (Fig. 6a) . ATRA but not MAT alone increased the expression of Ub, 20S, RARαF, TRIM32, C/EBPε, and STAT1p91; however, it was lower than that in NB4 cells. The combination treatment significantly upregulated the expression of UB, 20S, RARαF, TRIM32, C/EBPε, and STAT1p91 and inhibited the expression of c-Myc (Fig. 6b) . At the mRNA level, ATRA increased the expression of C/EBPε and inhibited the expression of c-Myc in NB4 cells (P < 0.05) but not in NB4-LR1 cells. However, MAT could decrease the expression of c-Myc mRNA in NB4-LR1 cells (P < 0.05) compared with the control. The combination treatment promoted the expressions of STAT1 and C/EBPε and inhibited that of c-Myc in NB4-LR1 cells (P < 0.05 or P < 0.01) (Fig. 6c-6e) .
Discussion
In APL, the generation of PML-RARα fusion protein inhibits the PML-induced transcription and the function of wild RARα, impairing the process of differentiation and maturation of myeloid cells. The most efficient agents, ATRA and ATO, both directly target PML/RARα-mediated transcriptional repression and protein stability [14] , contributing to a significant decrease in the expression level of fusion protein. The induction of autophagy is a key component of ATRA-induced differentiation in APL, and during the treatment of ATRA [15] , the UPP is also activated [16] . The mechanism of ATRA resistance in APL is still not fully clarified. Whether and how autophagy and UPP are involved in ATRA resistance in APL needs to be explored. Previous studies demonstrated that a low cytotoxic dose of MAT could induce the response of ATRA-resistant APL cell to ATRA, and lead to the degradation of PML-RARα fusion protein. The present study tried to clarify the possible mechanism underlying ATRA resistance and how MAT functioned based on the ubiquitin-and autophagy-mediated target protein degradation.
The UPP mainly consists of ubiquitin (Ub), ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzymes (E2), ubiquitin protein ligases (E3), 26S proteasome, and deubiquitinating enzymes. The target protein firstly processes the attachment of ubiquitin with the help of E1, E2, and E3, and is finally recognized by the 26S proteasome, which mediates protein degradation. 26S is a multi-catalytic enzyme complex containing a 20S catalytic core and two 19S regulatory complexes [17] . UPP was activated upon ATRA treatment in the human acute myeloid leukemia cell lines, NB4 and HL-60, with the up-regulated expression of ubiquitin mRNA and increased 20S proteasome activity [16] . The ubiquitinated proteins were further degraded, and the 20S activity decreased with longer ATRA exposure [16] . The present study showed that the differentiation rate of NB4-LR1 cells in response to ATRA was much lower than that of NB4 cells, and the combination of MAT to ATRA restored the differentiation of NB4-LR1 cells, along with the decrease in the expression of PML-RARα fusion protein/mRNA and upregulated expression of PML protein. The expression of 20S core subunit in NB4 cells increased significantly with ATRA treatment, but decreased in NB4-LR1 cells, which could be revered with MAT. In fact, MAT could even increase the 20S activity in NB4-LR1 cells. It meant that ATRA + MAT exerted a differentiation-inducing effect via UPP activation. However, if the UPP activation was the only effect of MAT, the ubiquitylation protein level should be less than that in the ATRA group. Based on this, it was deduced that the ATRA + MAT also promoted the ubiquitylation process, facilitating the fusion protein degradation.
Further, proteasome inhibitor MG132 was used as the control. ATRA + MG enhanced the sensitivity of NB4-LR1 cells to ATRA, but exerted an inhibitory effect on NB4 cells. The combination of MG132 significantly increased the ubiquitylation level in both cells by downregulating proteasome activity, as reported earlier [18] , and also induced the suppression of 20S core subunit protein in NB4 cells. Although MG132 hampered the expression of cell differentiation marker (CD11b), the combination of MG132 did not exert a noticeable blocking effect on fusion protein degradation. It could even promote the process on MAT or ATRA treatment. It meant that some other pathways led to the degradation of fusion protein on MAT or MG132 treatment.
At present, the application of proteasome inhibitor in APL treatment and the underlying mechanism are still controversial. Reportedly, the proteasome inhibitor may cause excessive accumulation of PML-RARα-augmented endoplasmic reticulum stress, leading to APL-NB4 cell death [19] , and also enhance the differentiation effect by RARα stabilization and STAT1 activation [20] . To explain the inconsistency in the expression of fusion protein and cell differentiation on MG132 treatment, the RARα expression was measured in different groups. ATRA facilitated the differentiation of APL cells into mature granulocytes by changing epigenetic modifiers on target genes after binding to the ligandbinding domain at the RARα moiety of the PML-RAR [21] . Hence, the stabilization of RARα is of great importance to the expression of downstream differentiation gene/protein. The results revealed that ATRA inhibited the expression of RARα in NB4-LR1 cells, which was contradictory to that in NB4 cells. MAT stabilized the expression of RARα in NB4-LR1 cells, whereas MG132 downregulated the expression of RARα in both cell lines. The application of STI571 (a tyrosine kinase inhibitor, which exerted an effect on RARα stabilization [22] ) as a positive control further confirm that the RARα stabilization effect of MAT benefited the differentiation of NB4-LR1 cells. The RARα stabilization increased the expression of CD11b in NB4-LR1 cells to 53.52% and led to the degradation of fusion protein.
In addition to UPP, the autophagy pathway also had a significant role in arsenious acid-or ATRA-mediated PML-RARα fusion protein degradation [23] . Autophagy is increased during ATRA-induced granulocytic differentiation of NB4 and it is associated with the increased expression of LC3II and GATE-16 proteins involved in autophagosome formation. Autophagy inhibition, using either drugs or short-hairpin RNA targeting the essential autophagy gene ATG7, attenuated myeloid differentiation [15] . The inhibition of autophagy-related genes such as Atg1, Atg5, and PI3KC3 and the knockdown of p62/SQSTM1 also blocked the degradation of PML-RARα [24] . IThis study found that the combination with autophagy activator (rapamycin) significantly increased the cell differentiation of NB4-LR1 along with the decreased expression of PML-RARα protein, which could be reversed by autophagy inhibitor (hydroxychloroquine). Moreover, autophagic degradation was not independent of UPP. Rather, the two pathways were closely correlated. After ubiquitination, the target protein was transported to autolysosome by P62, which was an autophagy receptor, interacted with autophagy-related protein LC3 [25] , and finally degraded through autophagy [24] .
The results showed that ATRA could not induce autophagy in NB4-LR1 cells, whereas the combination of MAT, rapamycin, STI571 or MG132 increased the number of autophagosomes. The induction of autophagy by STI571 might also be ascribed to its RARα-stabilization effect, which facilitated the effect of ATRA on NB4-LR1 cells. It also increased the expression of Atg5. LC3-II is the marker protein of autophagy. The increase in LC3-II and LC3-II/LC3-I ratio, along with the exhaustion of P62, might indicate the activation of autophagy and the fluency of autophagy flux [26] . Interestingly, ATRA impaired the process of autophagy with a decreased expression of LC3Ⅱ, Atg1, and PI3KC3 in NB4-LR1 cells, and the LC3-II/LC3-I ratio was much lower than that in NB4 cells. All these could be reversed by the ATRA + MAT or ATRA + RAPA treatment. After the combination with lysosomal inhibitors, a significantly increased expression of LC3II was observed in the MAT and ATRA + MAT groups, indicating the autophagy-activating effect of MAT. However, in NB4 cells, ATRA combined with MAT, RAPA, or STI571 negatively regulated the LC3II/LC3I ratio, and did not increase the expression of Atg1 and PI3KC3. These phenomena might explain the vain synergistic effect of NB4 cells treated with ATRA, STI571, and MG132. The increased LC3II/LC3I ratio and Atg5 expression, along with the decreased P62 expression in the ATRA+MG group compared with the ATRA group, indicated that MG132 also induced autophagy in NB4-LR1 cells, which might explain the decreased expression of fusion protein in ATRA + MG132, and MAT + MG132 groups.
The APL xenograft experiment was designed and a clinical application dose of ATRA and MAT was selected for the treatment to confirm that MAT also exerted an effect in vivo. As expected, ATRA coupled with MAT also exerted a significant effect in inducing the differentiation of NB4-LR1 cells compared with that in vitro (71.618 vs 48.02%); also, the expression level of PML-RARα mRNA decreased. In addition to differentiation, apoptosis and necrosis were observed. TUNEL detection showed an average increase of 7.27% and 16.73% in the combination group of NB4 and NB4-LR1, respectively. This phenomenon might be ascribed to the upregulated expression of caspase-3 and Bax and the down-regulation of Bcl-2 in the combination group, along with the suppression of c-Myc [27] . Also, a similar change in autophagy and UPP was found in vivo; the combination of ATRA and MAT improved the activity of UPP and autophagy pathway. Ubiquitin-protein ligase E (TRIM32) is vital in the UPP pathway, which interacts with several important proteins, including RARα, to stabilize the expression of RARα and enhance the transcriptional activity of RARα. The overexpression of TRIM32 in HL60 cells induced granulocytic differentiation even in the absence of ATRA [28] . The stabilization of RARα could further promote the downstream transcription factors, such as C/EBPε and STAT1p91 [29, 30] . The induction and activation of STAT1 correlated directly with enhanced cytodifferentiation [31] . The in vivo results showed a significant increase in TRIM32 in the MAT and ATRA + MAT groups, which was consistent with the expression of RARα, along with a higher expression of C/EBPε and STAT1p91.
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